Abstract-In this paper, a 3-bit optical beamforming architecture based in 2 2 optical switches and dispersive media is proposed and demonstrated. The performance of this photonic beamformer is experimentally demonstrated at 42.7 GHz in both transmission and reception modes. The progress achieved for realizing these architectures with integrated optics is also reported. Due to its advanced features (i.e., potential fast-switching, huge bandwidth, and immunity to electromagnetic interference), the architecture is a very promising alternative to traditional beamforming technologies for implementing beamformed base-station antennas in fixed and mobile broad-band wireless access networks operating in the millimeter-wave band. The study presented here has been carried out in the frame of the IST 2000-25390 OBANET project.
which are envisaged to fulfill the growing demand for bandwidth requirements of the recent and future multimedia services and applications. In the last decade, there has been an increasing interest on the research, trials and standardization of BWA networks due to features such as cost efficiency and deployment flexibility and scalability. A tremendous growth is expected for these networks in the next five years [9] . Several frequency bands (mainly at 28 and 40 GHz) have been allocated for these systems [10] . Also, a new generation of mobile broad-band systems (MBSs) operating in the millimeter wave will allow transference rates higher than 2 Mb/s, corresponding with the expected bandwidth demand in the coming years [11] .
However, at high frequencies with high data rates, multipath fading and cross interference become serious problems which can be eased by using smart antenna technology (phased array with adaptive capabilities). Smart antennas have been traditionally controlled employing digital [12] or IF/RF processing [13] and can be employed to implement advanced services. Nevertheless, electrical beamforming networks have severe drawbacks when high-bit-rate signals at millimeter-wave bands are considered. These limitations can be overcome using optical beamforming techniques [1] [2] [3] [4] [5] [6] [7] [8] in the base station, not only in transmission but also in reception mode.
In addition, very compact beamforming networks may be implemented using photonic integration techniques [14] , [15] , which alleviate the impact in system performance produced by the losses in optical and electrooptical interconnections. In this paper, the proposed beamformer is based in true time-delay (TTD) switching matrices. Optical TTD-switch matrices have the advantage of an almost unlimited RF bandwidth in combination with a potentially small device size, if the beamformer is integrated. Further the beamformer can be used in two directions, so that the same device can be used for forming the transmitter and the receiver beam.
This paper is structured as follows. Section II describes the proposed optical beamformer both in transmission and reception modes. In Section III, the development of photonic integrated circuits which comprise the photonic integrated beam- former is reported. Recent advances in the packaging of 40-GHz photoreceivers are reported. In Section IV, experimental results for both modes are shown including radiation pattern measurements, broad-band data transmission/reception in the 40-GHz band and direction-of-arrival (DOA) estimation measurements. Finally, conclusions are provided in Section V.
This paper reports the work carried out in FP5 IST-2000-25 390 OBANET project. 1 Fig. 1 shows a schematic of the transmitter part of the optical beamformer. The data is modulated by an RF-optical modulator onto four optical carriers at four equally spaced wavelengths, generated by a multiwavelength laser (MWL) source implemented by four independent laser sources. The four wavelengths are combined and externally modulated using an electrooptical Mach-Zehnder modulator (MZM). The modulating signal is generated by a commercial modulation/demodulation board, upconverted, and amplified using a millimeter-wave amplifier. Each wavelength is used to control the time delay for one of the four array antenna elements.
II. BEAMFORMING ARCHITECTURE DESCRIPTION

A. Transmission Mode
The MZM output is launched to the TTD switching matrix comprised by four cascaded optical switches. Standard singlemode fiber (SSMF) coils of lengths , , and are placed between the upper ports of consecutive switches. This optical TTD switch matrix is used to apply a controlled time delay that increases linearly with the wavelength of the optical carriers. The time delays for each wavelength can be controlled in eight steps, corresponding to eight different deflection angles. Therefore, the optical signal is routed through different aggregated lengths of fiber depending on the bias voltages of the switches, with up to eight different possible combinations (3 b wavelength-dependent dispersive behavior of the optical fiber, each modulated optical carrier suffers a different time delay, depending on the selected path, given by (1) where is the dispersion parameter of the fiber, is the length of the optical path, and is the wavelength spacing between optical carriers. This relative time delay between optical carriers corresponds to different beam-steering angles according to (2) After the wavelenth-division multiplexing (WDM) optical signal is delayed and amplified using an erbium-doped fiber amplifier (EDFA), each optical carrier is demultiplexed and launched to a high-speed photodetector (PD). After amplification using an millimeter-wave amplifier, the four modulated electrical carriers are radiated using a four-element patch antenna. The phase front of the radiated signal can be varied among eight different positions depending on the chosen combination of switching voltages (i.e., total delays), according to (2) .
To avoid the carrier suppression effect, which can result in power degradation in the beamformer performance, single-sideband (SSB) modulation can be used [16] . In order to achieve SSB modulation, the optical carriers have been shifted 0.2 nm from the nominal central pass-band frequencies of the demultiplexer.
The length differences between each multiplexer/demultiplexer output and the antenna elements have to be compensated to avoid undesired time-delay differences among RF signals. In order to calibrate the relative time delays, one optical delay line (ODL) has been introduced before the PDs to allow fine time-delay adjustments. These ODLs can change its absolute time delay up to 300 ps, which is equivalent to 6 cm of SSMF with . To equalize the time delay from the demultiplexer to the antenna elements, first the absolute time delay (path length difference) between each branch (from the demultiplexer output to the PD) was determined employing an optical network analyzer, which can obtain fiber lengths with centimeter accuracy and using a mechanical measuring method for MZMs and PDs. After introducing patchcords to roughly compensate for these time delays, small time-delay errors of a few picoseconds caused by vector network analyzer noise and accuracy as well as differences between consecutive connections of the electrical cables remain. Since the time delay needed for beam-steering is of the order of picoseconds, these errors have to be compensated for.
Therefore, a complementary procedure to obtain fine timedelay calibration was employed, based on measuring the radiation pattern of pairs of antenna elements and, by means of the angle position of the radiation nulls, derive the time delay between them. Although this fine calibration is based on phase adjusting, thanks to the previous coarse calibration, time delay can be calibrated without ambiguity. Finally, in order to steer the beams to positive and negative angles relative to the center of the sector (broadside), a fixed time shift of (15.7/2) ps to each adjacent element were included. Thus, positive and negative steering angles can be obtained as can be seen in Table I .
B. Reception Mode
The schematic of the 3-bit beamformer in the reception mode is shown in Fig. 2 . The 155-Mb/s 32-QAM modulating signal at 1 GHz was generated using a broad-band modem arbitrary board. This IF signal was upconverted to the millimeter-wave frequency band before being radiated. The received signal at the array antenna elements is translated to the optical domain using as many electrooptical MZMs as antenna elements, i.e., four MZMs for a four-element antenna. Each amplitude modulated optical carrier is proportionally delayed by the TTD unit. Finally, the four optical modulated carriers are photodetected using a single photodiode, and the detected signal is downconverted to IF and demodulated.
The same time-delay calibration procedure that was described for the transmitting mode was used in the reception scheme. In this case, the ODLs are placed after the MZMs. The absolute time delay (path length difference) between each branch (from the MZM to the multiplexer output) was again determined employing an optical network analyzer, and fine calibration was carried out by derivation of the time delay between adjacent antenna elements from measurements of the angular position of the radiation nulls.
III. PHOTONIC INTEGRATED BEAMFORMER
The beamformer, as described in Section II-A, consists of several optical, microwave, and opto-electronic components. To reduce connection losses and reduce system complexity, integration is highly desirable.
As an example, the optical source with modulator is considered. If the beamformer would be assembled using standard components, one would need four wavelength-tunable lasers, a four-to-one coupler, and a high-speed intensity modulator. The use of an MWL integrated with a Mach-Zehnder interferometer (MZI) modulator (Fig. 3 ) has the same functionality as the above-mentioned six components. This reduces the number of fiber-chip couplings from five to one. For an integrated receiver driver chip, an even greater integration level is achieved. Next, the integrated TTD switch implementation is described. Finally, the fabricated photoreceiver modules which are part of the receiving side of the beamformer described in Section II-A are reported, and future technological improvements for low-cost collective wiring of photoreceiver modules are outlined. 
A. MWLs on InP
The transmitter driver chip is an MWL integrated with an MZM, of which a schematic is shown in Fig. 3 . The MWL consists of an array of semiconductor optical amplifiers (SOAs) in combination with an arrayed waveguide grating (AWG) that acts as an intracavity filter [17] . Laser action takes place in the Fabry-Perot cavity that is created by reflections between the multiplexed output facet and the respective facets at each SOA. Power is coupled out of the cavity using a multimode-interference (MMI) coupler. The CW-output power of each laser is typically about 1 mW [18] .
Each laser in the transmitter driver chip can be controlled over a range of 5 dB by adjusting the bias current through the amplifier. Since each wavelength corresponds to a particular antenna element, the beam shape can be adapted by changing the amplifier current. Radiation pattern nulls can be slightly moved by changing array amplitude distribution.
The circuit scheme of an integrated receiver driver chip is shown in Fig. 4 . In the receiver driver, which is different from the transmitter driver, four modulators are required because the signals coming from the four receiver antenna elements are different. Our device has a novel circuit architecture consisting of a four-channel MWL with four RF MZI modulators. A conventional approach would need three (de)multiplexers: one in the MWL and two at both ends of the four modulators, for demultiplexing and multiplexing the four wavelengths before and after modulation, respectively. This introduces complications: a large chip space is needed, and all multiplexers should be accurately tuned to each other. A much more compact circuit design would be possible with the modulator integrated in the laser cavity. This is not possible, however, because a modulator inside the cavity would make the laser unstable and too slow for gigahertz operation because of the large cavity length. Fig. 4 shows a schematic and a chip photograph of a new approach that performs all required multiplexing and demultiplexing operations with a single AWG. By using just one AWG, the device size is small, and possible AWG misalignment problems are avoided. The AWG has two inputs and eight outputs.
To explain the operating principle of this laser, we refer to Fig. 4 in which all AWG ports are labeled. At the right side of the AWG, the port with label 9 is the common output for fiber coupling and the port with label 10 is the common output that leads to a high-reflection (HR)-coated facet. This waveguide is part of the laser cavity. At the left side of the AWG, the demultiplexed ports are labeled 1 to 8. The even port numbers (i.e., 2, 4, 6, and 8) are each part of a different laser cavity (one for each wavelength) and are connected to eight optical amplifiers. From there, the cavities are completed by waveguides that lead to the HR-coated facet. In each cavity, a 1 2 MMI is included to couple half of the light reflected from the facet out of the cavity. This light is routed to a separate MZM. The modulators each modulate the microwave signals onto the optical carrier coming from the laser cavities.
Since an AWG is an imaging device, light applied to an adjacent input port will be imaged onto an adjacent output port. Consequently, the four modulated signals at the odd port numbers (i.e., 1, 3, 5, and 7) are multiplexed by the AWG into output port 9.
The AWG has been chirped to suppress lasing operation in unwanted orders of the AWG. The recorded spectrum in Fig. 5 shows that adjacent orders are sufficiently suppressed by the AWG to prevent lasing at these wavelengths. 
B. 40-GHz MZM on InP
One of the most important specification for high frequency modulators, after bandwidth, is a high efficiency which is obtained by a long interaction length. This means that the optical and RF wave need to have identical velocities and that the RF wave has low attenuation.
InP technology has the clear advantage, over for instance LiNbO , that integration with active components like lasers, SOAs and detectors is possible. By using p-i-n diode structures on InP, one is able to concentrate the electrical field in the region where it can interact with the optical wave, thus forming an efficient modulator. Typically, such a structure is bandwidth-limited by its large velocity and impedance mismatch as well as high microwave attenuation down to 10 Gb/s [19] , [20] .
One solution to these bandwidth limitations is to implement a capacitively loaded structure [21] . Its periodical phase-shifter loading combines a velocity and impedance match with a low absorption, but reduces the electrooptical efficiency and, consequently, increases the device length. We have chosen a solution that is easier to implement and does not sacrifice efficiency: by reducing the phase-shifter waveguide width down to 1 m, we can combine good modulation efficiency with velocity and impedance matching [22] . Measured small-signal -parameters shown in Fig. 6 show a 6.4-dBc bandwidth of 40 GHz. Characteristic impedance and were measured to be 55 and 6 V, respectively. We are working on integrating the modulators and lasers on a single chip. Fig. 4 shows a photograph of a first version of the integrated device, which revealed some problems that are presently being resolved. Fig. 8 shows a schematic layout of the fabricated integrated TTD beamformer. The four optical wavelengths, which have been simultaneously modulated with the 40-GHz signal to be transmitted, are first demultiplexed onto four different waveguides by the AWG. Then, each wavelength is coupled to a 3-bit switched-delay-line (SDL) section, which consists of four cascaded 2 2 electrooptic MZI switches. A major advantage of these switches over thermal SiO switches is their switching time, which is in the order of a few nanoseconds. The 2 2 switches in each SDL section (except for the reference wavelength) are cascaded by a bypass line on one of the outputs and by a delay line (with a length ratio of 1 : 2 : 4 for the first, second, and third delay lines) on the other. By applying a bias voltage to one of the branches of the MZI switches (see the inset of Fig. 7) , each wavelength can be selected to go through or to bypass one or more of the three delay lines. In this way, the optical path lengths of each individual wavelength can be set individually. Accurate time delays can be achieved through submicrometer-level control of the lengths of the waveguide-based delay lines. The delay-line lengths have been dimensioned in such a way that the path-length differences between the adjacent wavelengths are linearly progressive for all eight possible settings of the beamformer. The longest delay line (which has a propagation delay of 34 ps) is 2831-m long, and the shortest delay line (3 ps) is 236 m. The waveguides going from the SDL sections back to the AWG have lengths that are linearly increasing with the wavelength (which is symbolized by the offset delay lines in Fig. 7 ), in order to be able to introduce positive as well as negative progressive time delays. Finally, the four wavelengths are multiplexed by the AWG and coupled out of the chip. A photograph of the fabricated beamformer is shown in Fig. 8 . It is very compact: chip dimensions of this fully integrated device are 8 10 mm .
C. Digital TTD Switch on InP
Two types of optical waveguides were used to realize the beamformer: shallowly etched waveguides for low-loss propagation and deeply etched waveguides with a very short bending radius for reducing the dimensions of the circuit. The beamformer showed an on-chip optical power loss of around 27 dB for , and and 21 dB for the reference wavelength (see Fig. 9 ). After measurements on test structures, the on-chip losses were attributed to the following components in the optical path of each wavelength: 2 4.0 dB for the AWG (dimensions mm ), 4 2.4 dB for the MZI switches, 4.2 cm 0.7 dB/cm for the shallowly etched waveguide propagation losses, 0.5 cm 1.9 dB/cm for the deeply etched waveguide propagation losses, 22 0.2 dB for the transitions from shallow to deep waveguides, and 1080 0.2 dB/360 for the deep-waveguide bending losses. The operating wavelengths of the device ranged from 1537 to 1557 nm in discrete steps of 3.2 nm. The device showed a shift of 0.4 nm in wavelength between TE-and TM-polarized input, which is not a problem for beamformer applications because the input signal is TE-polarized. The switching voltages of the reversely biased p-i-n-diode phase shifters of the MZI switches were around 6 V, and the switching speed, measured from the bond pad, was smaller than 5 ns. This switching speed can be further reduced by minimizing the metal-interconnect lengths from the bond pads to the electrooptic phase shifters. The scan speed for the whole coverage area of the beamformer is eight time the switching time ( 40 ns). DOA estimation is possible by configuring the TTD switch to sweep through all eight possible directions and measuring the received power for each direction. The direction with the highest power indicates the DOA.
The functionality of the device as a TTD beamfomer was confirmed by time-delay measurements with a vector network analyzer (VNA). The RF output signal from the VNA was modulated onto an optical carrier and then coupled to an SDL section. At the output of the beamformer, the RF signal was detected by a PD and fed back into the VNA. By sweeping the output RF frequency from dc to 10 GHz, the VNA monitors the phase of the input RF signal with respect to the RF output signal for the different frequencies, from which the propagation delay can be extracted. Time-delay measurements of several delay lines were performed, which showed a relative accuracy of 5% with respect to the design values [23] . In the next redesign, the TTD circuit will be integrated with spot-size converters, with which the coupling loss from the InP waveguide to a SSMF (and vice versa) can be reduced from 10 to 1.5 dB [24] .
D. 40-GHz Photoreceiver Modules
Being part of the receiving side of the beamformer described in Section II-A, hybrid 40-GHz photoreceiver modules have been fabricated. As shown in Fig. 10 , it comprises a 40-GHz waveguide photodiode (WGPD) and a narrow-band monolithicmicrowave integrated-circuit (MMIC) amplifier. The WGPD is fed by an input-lensed optical fiber, and the amplifier is connected to an output RF connector.
The frequency response of the photoreceiver module, which was measured under an optical power of 0 dBm, is shown in Fig. 11 . We observe that, in the 40.5-43.5-GHz frequency band, the RF power has a mean value of 3 dBm with a flatness of 0.5 dBm (which is equal to the gain flatness of the MMIC alone). For a similar input optical power, an output RF power of 24 dBm was measured on the WGPD chip at 40 GHz. Considering the nearly 20 dB of gain of the MMIC at 40 GHz, this leads to an RF output power for the module of 4 dBm at 40 GHz, which is in agreement with the measurement. This indicates that the packaging does not lead to any additional losses or degradation compared to the WGPD and MMIC frequency response alone.
A new approach is proposed to improve the fabrication yield as well as the dispersion of the performances of 40-GHz photoreceiver modules. It is based first on the microwave high-density interconnection (MHDI) technology and, second, on 40-GHz WGPD with relaxed coupling tolerances.
The MHDI technology has been shown to be effective for the packaging of high-frequency MMIC active devices up to 60 GHz [25] . Compared to wire bonding, the main advantages of this concept are a better reproducibility of interconnect and a lower cost thanks to collective processing. Except for component gluing, all of the technological steps are realized in a collective way for several modules. As shown in Fig. 12 , it is based on the integration of the MMIC die and passive components (e.g., decoupling capacitors and filters) onto an Si substrate. The process includes silicon metallization and micromachining (reactive ion etching), photo-etching, component gluing, polymer (Arlon) gluing, and metallization, via hole opening (laser ablation).
In order to evaluate the impact of the MHDI technology on the performances of the amplifier alone at 40 GHz (without the PD), a test vehicle including the same MMIC amplifier than used in hybrid modules has been designed and realized. It comprises input and output RF pads for measurements. In Fig. 13 , the measured -parameters are compared with the datasheet values given for the bare die. Correct matching and gain responses have been achieved except for a frequency shift (around 2.5 GHz) of the 40-GHz MMIC in the MHDI structure. This shift can be explained by the passivation of MMICs with benzocyclobutene (BCB) before MHDI process. However, MMIC suppliers foresee more and more the passivation of MMICs with optimized design taking into account this passivation. This result confirms the ability of the MHDI technology to interconnect high-frequency MMIC devices.
The positioning tolerances of a standard 40-GHz WGPD toward optical lensed fiber are typically 1.6 and 0.7 m in lateral and vertical directions, respectively. These values are not compatible with passive coupling by using a standard pick and place machine, which is an ultimate goal for the fabrication of low-cost optoelectronic modules. To improve this feature, WGPD with high alignment tolerances toward optical fiber have been developed, thanks to the integration of a passive tapered input waveguide with large coupling tolerances. The optical power is transferred to the absorbing waveguide by vertical evanescent coupling [26] . Lateral and vertical 1-dB coupling tolerances with a lensed fiber as high as 2.6 and 1.7 1 m, respectively, have been measured on devices based on this principle. This result is very good when compared to the coupling tolerances observed on standard WGPDs, since it corresponds to an improvement of 70% and 90% in the lateral and vertical directions, respectively. The PD used in this study, based on this technology, exhibits a responsivity of 0.35 A/W with a lensed fiber (without antireflection (AR) coating) and a cutoff frequency of 30 GHz.
Two compact photoreceiver test vehicles have been realized. Tapered WGPD equipped with gold stud bumps have been flip-chip mounted on the MHDI substrate by the thermo compression process. Fig. 14 shows a photograph of the resulting compact photoreceiver. The area for the mounting of the photodiode is composed of gold pads with a pitch that is identical to the coplanar access one of the PDs. The biasing of the PD is realized through a stub which can be considered as an open circuit in the frequency range of interest.
The frequency response has been measured by a heterodyne technique, as shown on Fig. 15 . The result is compared to the frequency response of two hybrid photoreceiver test vehicles (without package) measured under the same conditions. To facilitate the comparison, all of the curves are normalized to 1-mA dc current flowing in the PD. One can notice that the dispersion of the performances of the compact test vehicles is lower than that for the hybrid test vehicles, thus showing the better reproducibility of this technology. The general behavior of the compact test vehicles is comparable to hybrid test vehicles. According to the measurement made previously on the MMIC alone, the 2.5-GHz shift of the frequency response is also observed. However, the absolute RF output power remains inferior by approximately 5-7 dB. It should be noticed that the bandwidth of the tapered WGPD is lower than that of the standard WGPD used in the hybrid test vehicles, leading to additional RF losses at 40 GHz of roughly 2 dB. The remaining losses are therefore in the 3-5-dB range. We can attribute these losses to two factors, which are: 1) the flip-chip mounting of the photodiode give rise to RF losses because of a mismatch between the characteristic impedances of the photodiode and the gold pads [27] and 2) the distance between the PD and the MMIC is too important, leading to resonance in the frequency range of interest. Further experiments are thus necessary to fully control this new packaging technology. In particular, the impact of the flip-chip mounting on the frequency response needs to be investigated.
IV. EXPERIMENTAL RESULTS
A. Transmission-Mode Performance Evaluation
The setup used to measure the performance of the beamforming network in the transmission mode is depicted in Fig. 16 , where the power budget and the four modulated optical carriers' spectra at the MZM output are also shown. The 155-Mb/s 32-QAM modulating signal at 1 GHz was generated using a commercial modulation/demodulation arbitrary board. After filtering, the signal was electrically upconverted to 42.7 GHz, and the modulated RF carrier power was amplified up to 7 dBm, where its signal-to-noise ratio (SNR) was 32.5 dB. This signal was impinged into the MZM. The modulated WDM signal was launched to the 3-bit TTD switching matrix, which was controlled by a four-output external tunable bias source. The lengths of the SSMF fiber coils used to implement the time delays were 170, 340, and 680 m, corresponding to a binary delay line. An ODL placed before each photoreceiver was used for calibration purposes, as explained in Section II. The detected RF signal is further amplified using a 36-dB-gain millimeter-wave amplifier and radiated using the four-element patch antenna. After propagation through a 1.4-m radio link (far field at 42.7 GHz), a 40-dB-gain electrical downconverter, fed by a 40-GHz horn antenna, downconverts the 42.7-GHz signal back to 1 GHz. The measured output SNR was 31 dB for a 2.22-dBm signal power at 1 GHz. The IF signal was demodulated by a second modem board, which allows us to measure signal quality parameters such as the bit error rate (BER). The measurement setup consisted of a computer-controlled platform suited to obtain radiation pattern diagrams. The downconverter was mounted in a post that could be moved along a 90 circumference arch using a computer-controlled step engine, with programmable speed, acceleration, and angular step size. Fig. 17 shows the measured radiation patterns corresponding to the delay and steering angles shown in Table I . The experimental results agree quite well with theory, which are not shown for the sake of clarity. The measured 3-dB beamwidth also agrees very well with theory [28] .
The feasibility of the proposed optically beamformed antenna in transmission mode was confirmed by radio transmission experiments in the 40-GHz band. A 32-QAM 155-Mb/s 1-GHz signal was generated, beamformed, and radiated employing the experimental setup described previously. Fig. 18 shows the measured 155-Mb/s 32-QAM signal spectra at the MZM input and at the demodulation board input. Error-free operation was achieved using 255/256 Reed-Solomon forward error correction (FEC) codes.
The experimental setup SNR was limited due to the 1-dB interception point of the upconverter, which imposed 7-dBm output power level for distortion-free operation. The SNR can be improved using a higher linearity upconverter; nevertheless, the optical beamformer is almost transparent, introducing a SNR degradation of 1.5 dB.
B. Reception Mode Performance Evaluation
The experimental setup of the 3-bit beamformer in reception mode is shown in Fig. 19 , which is similar to the transmissionmode setup.
The 155-Mb/s 32-QAM modulating signal at 1 GHz was generated using a modem arbitrary board. This IF signal is upconverted to the millimeter-wave frequency band before being radiated. The received signal at the antenna elements is translated to the optical domain using four MZM corresponding, with an element-to-element correspondence. The lengths of the SSMF fiber coils are the same as those used in the transmission experiment (i.e., 170, 340, and 680 m). Finally, the four optical modulated carriers are photodetected using a single PD. The detected signal is downconverted to IF and demodulated.
The beam patterns for two of the eight beam-steering angles have been measured. In Fig. 20 , these measurements are depicted and compared with the theoretical prediction. An excellent match between both the theoretical and measured results can be seen.
Several modulation formats (QPSK, 8 PSK, 16 QAM, and 32 QAM) have been evaluated to demonstrate the beamforming capability for high-data-rate transmissions. Error-free operation was obtained for all modulation formats except for 32-QAM, for which a BER of 10 was obtained using Reed-Solomon and 4/5 convolutional codes when a payload rate of 155 Mb/s was transmitted. Fig. 21 shows the measured electrical spectra at the input and output of the beamformer, including radio transmission of the 32-QAM modulated carrier at 42.7 GHz.
The detected-signal SNR measured by the demodulation board was 25 dB and was limited due to the 1-dB interception point of the upconverter, which imposed a low-output-power limit for distortion-free operation. From the measured output SNR, it can be derived that the optical beamformer introduces an SNR reduction of around 4 dB. Since the SNR is mainly limited by the electrical subsystem, it can be improved using an upconverter with higher linearity. The received constellation of the 155-Mb/s 32-QAM signal is depicted in Fig. 22 for both the transmission and reception modes. 
C. DOA Estimation
The DOA estimation is a key functionality in both the fixed and mobile scenarios to implement user-tracking and locationbased services. Conventional digital-signal-processing (DSP)-based DOA estimation algorithms, such as MUSIC or ESPRIT, have been proven to achieve good results. However, they require increased processing power and are difficult to implement in real-time systems, especially when high data bit rates are considered. Therefore, DOA estimation has been proposed [29] , [30] by means of a heuristic approach based on signal power measurements of three adjacent beams using an estimator given by (3) where is the measured power at each beam direction as depicted in Fig. 23 . The experimental demonstration of DOA estimation has been carried out by using the previously described optically beamformed beam-switched antenna. Fig. 23 shows the estimated angle as a function of the real angle of the terminal. The dotted line corresponds to the experimental results, while the solid line depicts the ideal performance. It can be seen that a good accuracy of the estimation is achieved. A maximum DOA estimation error of 3.66 with an rms error of 0.77 was obtained.
V. CONCLUSION
A 3-bit photonic beamforming network based on 2 2 optical switches and dispersive media has been proposed and its performance experimentally validated for broad-band data transmission in the 40-GHz band. Error-free 42-GHz transmission of M-QAM 155-Mb/s data has been achieved in both the transmission and reception modes. In both cases, the optical beamformer is almost transparent, thus introducing a small SNR degradation. The radiation patterns in both transmission and reception modes have been measured, showing a good agreement with theory. DOA estimation has been also experimentally evaluated, showing a good agreement between measurements and theory.
Also, the progress in the photonic integration of different beamformer subsystems has been reported. Recent advances in the packaging of 40-GHz photoreceivers have been reported. In particular, a compact photoreceiver has been fabricated based on two innovative technologies. First, the MHDI technology has been shown to be effective for the packaging of high-frequency MMIC active devices. This leads to a better reproducibility of interconnect and a lower cost thanks to collective processing. Second, 40-GHz WGPDs with high coupling tolerances have been developed that are compatible with flip-chip mounting and passive optical coupling.
